A b s t r a c t -P e r t u r b a t i o n theory o f convex molecule f l u i d s i s o u t l i n e d and a p p l i e d t o c o r r e l a t e o r t h o b a r i c data o f several convex molecule systems. Calculated data from t h e f i t t i n g procedure a r e compared w i t h r e s u l t s o f the v a r i a n t o f t h e p e r t u r b a t i o n theory proposed f o r t h e two-centre LJ systems. A m o d i f i c a t i o n o f t h e convex-molecule p e r t u r b a t i o n theory f o r t h e gaussian overlap f l u i d i s given and obtained thermodynamic functions compared w i t h t h e s i m u l a t i o n data. The accurate hard body equations o f s t a t e a r e l i s t e d and m i x i n g r u l e s f o r t h e i r parameters discussed.
INTRODUCTION

P e r t u r b a t i o n t h e o r i e s o f non-spherical non-polar molecule f l u i d s o f f e r ever improving des c r i p t i o n o f the e q u i l i b r i u m behaviour o f a l a r q e proup o f r e a l l i q u i d s and t h e i r mixtures. Besides t h e d i r e c t a p p l i c a t i o n o f p e r t u r b a t i o n expansions t o evaluate thermodynamic tunct i o n s o f molecular f l u i d s t h e theory a l s o provides arguments f o r a f u r t h e r improvement o f the s o -c a l l e d augmented van der Waals equations o f s t a t e and m i x i n g ( e v e n t u a l l y a l s o combini n g ) r u l e s f o r t h e i r parameters. Tile methods proposed f o r simple f l u i d s form a basis f o r t h e development o f t h e p e r t u r b a t i o n theory o f non-spherical molecule f l u i d s . Two v a r i a n t s o f the theory have been w i d e l y usedt h a t due t o Barker and Henderson (B-H), ( r e f . 1.) extended t o mixtures by Leonard e t a l .
( r e f . 2.) and t h e b l i p -f u n c t i o n approach o f Weeks-Chandler and Andersen (WCA) ( r e f . 3.).
I n both these v a r i a n t s s o f t spheres are taken as a reference and a t t r a c t i v e ( p l u s t h e remaiw
W p a r t o f r e p u l s i v e ) forces c o n t r i b u t e t o p e r t u r b a t i o n terms. The thermodynamic behaviour
o f t h e reference i s determined v i a t h e p r o p e r t i e s o f t h e r e p r e s e n t a t i v e hard spheres whose diameter depends on temperature i n t h e former-and on temperature and d e n s i t y i n t h e l a t t e r case. The f i r s t -o r d e r WCA theory i s very accurate a t h i g h d e n s i t i e s ( f o r the packing f r a c ti o n y > 0.4); i t i s l e s s accurate a t low and medium d e n s i t i e s . The second-order B-H theory i s o n l y s l i g h t l y l e s s accurate a t t h e h i g h e s t d e n s i t i e s b u t superiour a t lower d e n s i t i e s .
PAIR POTENTIALS OF NON-SPHERICAL MOLECULES
D e s c r i p t i o n o f t h e e q u i l i b r i u m behaviour o f t h e non-polar molecule f l u i d s depends on the model employed t o c h a r a c t e r i z e p a i r i n t e r a c t i o n s o f (general l y ) non-spherical molecules. Three models have been used: i) t h e m u l t i c e n t r e ( s i t e -s i t e ) p o t e n t i a l , ii) Kihara generalized p a i r p o t e n t i a l i i i ) gaussian overlap p o t e n t i a l .
The m u l t i c e n t r e p a i r p o t e n t i a l , u(1,2), given by t h e formula ( r e f . 4.) /where a denotes cent;es on molecule 1 and y those on molecule 2 ) o f f e r s the most d e t a i l e d d e s c r i p t i o n o f molecular i n t e r a c t i o n s . The main advantage o f t h e p o t e n t i a l manifests i t s e l f in s i m u l a t i o n studies where t h e determination o f u(1,2) i s simple. Even simpler f o r t h i s purpose i s t h e gaussian overlap model (GO) 2 2 I f x = (A -l ) / ( x t 1 ) and x i s t h e a x i s r a t i o
I n t h i s model, however, t h e shape o f the molecule can be e i t h e r p r o l a t e o r o b l a t e e l l i p s o i d o f r e v o l u t i o n .
993
I n the generalized Kihara p o t e n t i a l ( r e f . 6.)
The shape o f a molecule -which r e f l e c t s r e p u l s i v e forces -can be modelled by any convex model. One can say t h a t t h e Kihara p a i r p o t e n t i a l reproduces i n a d e t a i l e d way t h e r e p u l s i v e forces whereas some k i n d o f averaging o f t h e e f f e c t o f a t t r a c t i v e forces takes place. Simul a t i o n s o f o t h e r model systems than t h e r o d -l i k e molecule f l u i d s are q u i t e involved; on t h e o t h e r hand t h e f o r m u l a t i o n o f t h e p e r t u r b a t i o n theory i s -due t o t h e f a c t t h a t t h e potent i a l depends o n l y on one v a r i a b l e , s -v e r y simple.
PERTURBATION THEORY OF NON-SPHERICAL MOLECULE FLUIDS
For t h e m u l t i c e n t r e p a i r p o t e n t i a l Kohler and Fischer ( r e f s . 7, 8) proposed a p e r t u r b a t i o n 9eJhod which was an extension o f t h e WCA b l i p -f u n c t i o n approach. For t h e given o r i e n t a t i o n w1w2 the WCA-split i s considered, + + = u(rwlw2) r > r mi , , G, i L2) ( 7 ) + + Properties o f the reference a r e determined v i a t h e hard body equation o f s t a t e a p p l i e d t o hard dumbells ( o r o t h e r fused hard-sphere models) w i t h t h e same s i t e -s i t e distance as t h a t o f the considered molecule and w i t h the diameter o f t h e s i t e sphere obtained from the b l i pf u n c t i o n r e l a t i o n s h i p
The backgrobnd c o r r e l a t i o n f u n c t i o n , Y, corresponds t o t h e soft-body s p h e r i c a l l y symmetric p o t e n t i a l , $ ( r ) , f o r which e x p~-
g(r;1;2) = e x p [ -~u~( r ;~=~) ] Y ( r ) (10)
The f u n c t i o n Y i s evaluat$d+from t h e Percus-Yevick i n t e g r a l equation (P-Y); t h e molecular c o r r e l a t i o n f u n c t i o n , g(rw,w2) i n t h e p e r t u r b a t i o n i n t e g r a l i s then approximated by
Only the f i r s t -o r d e r p e r t u r b a t i o n term i s considered i n t h i s theory,
where symbol < > denotes averaging over a l l o r i e n t a t i o n s which -c o n t r a r y t o t h a t i n the Kihara p o t e n t i a l -i s r e l a t e d t o centre-to-centre distance. The p e r t u r b a t i o n method f o r the m u l t i c e n t r e p o t e n t i a l was a p p l i e d t o several systems o f diatomic molecules and h i g h l y symm e t r i c polyatomic molecules ( l i k e CC14 o r SF6) and t o mixtures o f spherical and l i n e a r molecules ( r e f s . 9,lO).
The basic r e l a t i o n s h i p s o f t h e p e r t u r b a t i o n theory o f t h e convex ( r o d -l i k e ) molecules can be found i n r e f . 11. Recently, two: v a r i a n t s o f t h e theory have been employed i n our l a b o r a t o r y : i n the former ( r e f . 12) we considered t h e second-order p e r t u r b a t i o n expansion ( f o r t h e Helmh o l t z energy and pressure) i n t h e macroscopic c o m p r e s s i b i l i t y approximation (mc) o f t h e WCA--h y b r i d approach ( t h e WCA-split o f the p a i r p o t e n t i a l i n t o t h e reference and p e r t u r b a t i o n p a r t i n combination w i t h t h e 6-H-like determination o f the thickness o f r e p r e s e n t a t i v e hard convex body, hcb). The Helmholtz energy i s a,
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( 1 2 ) d P e r t u r b a t i o n i n t e g r a l s included i n the f i r s t and second term o f Eq (12), were each separated i n t o two p a r t s a t s = 1.2 O; these p a r t s were evaluated n u m e r i c a l l y and t h e obtained values f i t t e d by polynomials. The r e s u l t i n g expressions were then employed t o describe t h e e q u i l i brium behaviour of pure f l u i d s . The same equation o f s t a t e and expression f o r the Helmholtz energy were used t o c h a r a c t e r i z e both t h e l i q u i d and vapour p a r t o f the coexistence curve; o r t h o b a r i c d e n s i t i e s along the coexistence curve were used t o a d j u s t parameters o f t h e Kihar a p o t e n t i a l o f 28 compounds. As a r e s u l t of the use o f t h e same expression f o r t h e both branches o f t h e coexistence curve t h e method enables t o describe t h e e q u i l i b r i u m behaviour up t o h i g h reduced temperatures T*: 0.9; values o f t h e parameters (mainly t h e s i z e o f t h e core) d i f f e r s l i g h t l y from those obtained by t h e v a r i a n t described i n next p a r t . I n the l a t t e r v a r i a n
t o f t h e p e r t u r b a t i o n theory ( o f t h e convex molecule f l u i d s ) t h e extens i o n o f t h e Barker-Henderson t h e o r y t o molecular f l u i d s i s employed ( r e f . 13). The represent a t i v e hard convex bodies a r e p a r a l l e l bodies t o t h e convex cores w i t h a thickness obtained from
The hard convex body equation o f s t a t e f o r t h e given r e p r e s e n t a t i v e model y i e l d s t h e reference r e s i d u a l Helmholtz energy. To determine t h e f i r s t -o r d e r p e r t u r b a t i o n term, F,, i s t h e mean surface area o f two convex cores w i t h t h e surface-to-surface d i swe express f i r s t t h e average c o r r e l a t i o n f u n c t i o n , ghcb, i n terms o f t h e t o t a l c o r r e l a t i o n f u n c t i o n , hhcb = ghcb-1, and s p l i t t h e i n t e g r a l i n Eq (14) i n t o two p a r t s , t h e l a r g e r o f which can be e a s i l y determined a n a l y t i c a l l y . The t o t a l c o r r e l a t i o n function, hhcb, was approximated on t h e basis o f t h e hehs -f u n c t i o n o f t h e e q u i v a l e n t hard spheres, (ehs, i.e.
spheres o f t h e same volume as t h e s t u d i e d convex bodies),
J
(where R* = R/d, S* = S/d volume o f t h e core). I t was shown f o r m e r l y t h a t t h e approximation i s v e r y accurate f o r two t y p i c a l hard convex bodies, p r o l a t e and o b l a t e hard spherocylinders and works w e l l a l s o i n the case o f mixtures. The above approximation was employed already i n t h e former v a r i a n t .
Here we s u b s t i t u t e hehs(x) = hpy(x) I h e x a c t ( l ) / h P Y ( l ) 1 , where symbol P-Y denotes t h e Percus--Yevick approximation ( t o t h e Ornstein-Zernicke equation) which leads t o t h e a n a l y t i c Laplace transforms o f t h e f u n c t i o n x g ( x ) o r xh(x). To make f u l l use o f t h i s f a c t we s u b s t i t u t e t h e double Yukawa (2-Y) p a i r p o t e n t i a l
* * (15) and R, S, V a r e t h e mean c u r v a t u r e i n t e g r a l / 4~, surface area and h h c b ( t ) = ( S hcb /S ehs ) hehs(x); x = l t t / ( l + R . + R . ) ,
f o r the Kihara f u n c t i o n i n t h e second p a r t o f t h e p e r t u r b a t i o n i n t e g r a l . I n t h i s way a p a r t o f t h e i n t e g r a l ( c o n t a i n i n g hhcb) can be expressed a n a l y t i c a l l y as a sum o f d i f f e r e n c e s i n the Laplace transforms, corresponding t o parameters A, B o f the 2-Y p o t e n t i a l , p l u s a corr e c t i o n term (due t o t h e f a c t t h a t t h e lower bond o f t h e p e r t u r b a t i o n i n t e g r a l equals u and n o t t w i c e the thickness o f t h e r e p r e s e n t a t i v e hard body). Thus,
-Q = (8/9) + 4R* w = -hhcb( 1 ) hehs h e h s ( l ) and Wk = L { x h ( x ) } ( I
S i m i l a r l y , the p e r t u r b a t i o n expansion o f t h e c o m p r e s s i b i l i t y f a c t o r can be w r i t t e n i n an a n a l y t i c form, too. The r e l a t i o n s h i p s f o r t h e Helmholtz energy and pressure make i t p o s s i b l e t o determine q u i c k l y t h e coexistence curve w i t h o u t any intermediate procedure o f f i t t i n g numerical data.
I n t h e previous study ( r e f . 13) we adjusted two parameters o f t h e Kihara p a i r p o t e n t i a l ( E and U ) t o t h e saturated l i q u i d p r o p e r t i e s o f pure compounds w h i l e determining t h e o t h e r parameters from t h e bond lengths and angles. The p e r t u r b a t i o n expansion wa4 used t o describe the l i q u i d branch o f t h e coexistence curve whereas t h e vapour phase was c h a r a c t e r i z e d by t h e v i r i a l expansion i n c l u d i n g t h e second v i r i a l c o e f f i c i e n t . The r e s u l t s and some i n t e r r e l at i o n s between t h e Kihara and 2-centre Lennard-Jones parameters were given i n r e f . 13.
Recently we have m o d i f i e d t h i s approach by i n c l u d i n g t h e approximate t h i r d v i r i a l c o e f f i c i e n t
( o n l y f o r the r e p u l s i v e f o r c e s ) and a d j u s t i n g t h r e e parameters, i.e. E, u and s i z e o f t h e spherical core o r l e n g t h o f t h e r o d -l i k e molecule, e t c . As a r e s u l t b e t t e r agreement o f t h e c a l c u l a t e d and experimental coexistence curves a r e found, see One can see t h a t t h e r e c e n t v a r i a n t o f t h e p e r t u r b a t i o n method f o r convex molecules works a t l e a s t w i t h t h e same q u a l i t y as t h e theory o f m u l t i c e n t r e f l u i d s . By i n t r o d u c i n g t h e non-zero core ( i n t h e case o f s p h e r i c a l molecules) w h i l e s t i l l considering 12-6 f u n c t i o n we can reach the same e f f e c t as Fischer obtained by modifying t h e p a i r p o t e n t i a l , e.g. by i n t r o d u c i n g t h e 24-6 form. The a n a l y t i c form of t h e p e r t u r b a t i o n expansion o f f e r s a deeper i n s i g h t i n t h e molecular f l u i d behaviour; t h e range o f t h e reduced temperatures can be l a r g e r then i n t h e case o f t h e m u l t i c e n t r e p e r t u r b a t i o n theory. 
Recently we r e c a l i i l a t e d t h e excess p r o p e r t i e s of 48me systems w i t h the new parameters o f
t h e pure components; as a r u l e no s u b s t a n t i a l changes were found. However, i n t h e case o f the Xe-C H6 system b e t t e r agreement w i t h r e s u l t s of Bohn e t a l . r e s u l t e d . I n Table 1 a com-
parison ?s g i v e n o f t h e excess f u n c t i o n s o f t h e equimolar Xe-C H system a t 161 K c a l c u l a t e d from t h e o l d and new s e t o f parameters ( w i t h k12 = 1 ) ; experim6neal data and r e s u l t s o f Bohn e t a l . a r e given, too. It i s obvious from the d e s c r i p t i o n o f t h e f i t t i n g procedure t h a t t h e parameters should be used f o r t h e d e s c r i p t i o n o f t h e e q u i l i b r i a a t lower temperatures and/or pressures whereas
those given i n r e f . 12 could b e t t e r serve a t higher temperatures.
APPLICATION OF THE PERTURBATION THEORY OF CONVEX MOLECULE FLUIDS TO THE GAUSSIAN OVERLAP SYSTEMS
Systems i n t e r a c t i n g v i a t h e gaussian overlap (GO) p a i r p o t e n t i a l have been s t u d i e d r e c e n t l y by several authors (see r e f . 15 and references given t h e r e i n ) . Thermodynamic f u n c t i o n s f o r the GOCE system are given i n r e f . 15 f o r t h r e e values o f h ( t h e r a t i o o f axes o f t h e e l l i ps o i d o f r e v o l u t i o n ) a t several temperatures and d e n s i t i e s . The s i m u l a t i o n data were i n t e rpreted i n terms o f t h e Kohler-Fischer theory. There i s c l o s e resemblance o f the gaussian overlap and Kihara p o t e n t i a l s f o l l o w i n g from t h e f a c t t h a t i n both the p o t e n t i a l s t h e convex shape o f molecules i s considered and t h e p a i r i n t e r a c t i o n o f nonspherical molecules i s given by one c o n t r i b u t i o n only. There a r e important d i f f e r e n c e s : i ) I n t h e former potent i a l t h e energy depends on the mutual o r i e n t a t i o n s o f a p a i r o f molecules; i i ) t h e r e i s no hard core, and i i i ) t h e mean surface area o f two hard GOCE models i s n o t given e x a c t l y by the S t e i n e r formula
Usually, however, and those c a l c u l a t e d v i a (21) i s small and can be-neglected. those o f t h e g?ven GOCE model. We then assume t h a t t h e mentioned e l l i p s o i d i s t h e p a r a l l e l body t o a h y p o t h e t i c a l smaller core w i t h thickness, 0/2, lwhere u f o l l o w s from Eqs (22) and (23) I ; t h e p a i r p o t e n t i a l depends on t h e surface-to-surface distance, s , between these two h y
Before the a p p l i c a t i o n o f t h e convex molecule p e r t u r b a t i o n theory t o t h e gaussian overlap systems i t i s necessary t o f i n d r e l a t i o n s h i p s between t h e GOCE parameters and those o f the Kihara p o t e n t i a l . I t i s e s s e n t i a l t o p u t E sume e q u a l i t y o f t h e second v i r i a l c o e t f i c f e n t s , t h e d i f f e r e n c e between t h e simulated values o f Sitj o f t h e GOCE system = E~~~~ = E~. To r e l a t e t h e o-parameters we asWhereas t h e formula f o r t h e second v i r i a l c o e f f i c i e n t o f t h e Kihara molecules
t i o n o f t h e a x i s r a t i o o f t h e e l l i p s o i d o f r e v o l u t i o n . I t i s e v i d e n t t h a t t h e proposed averaging method resembles c l o s e l y t h a t used i n t h e RAM and o t h e r theories. To formulate t h e expression f o r t h e Helmholtz energy we consider an e l l i p s o i d w i t h t h e b a s i c
p o t h e t i c a l cores. I f d i s t w i c e the thickness o f t h e r e p r e s e n t a t i v e hard e l l i p s o i d o f r ev o l u t i o n ( c = d/o) t h e geometric c h a r a c t e r i s t i c s o f t h e r e p r e s e n t a t i v e e l l i p s o i d a r e (24)
Rr = R -6 , Sr = S -8aR6 + 4~6~ , Vr = V -S 6 + 4aR6 --4 3 a6 3 where 6 = 0 ( l -c ) / 2 . I n t h i s way both t h e reference and p e r t u r b a t i o n terms can be evaluated from t h e f o r m e r l y given r e l a t i o n s h i p s . From t h e study o f Sediawan e t a l . ( r e f . 15) computer data a r e a v a i l a b l e o f t h e GOCE systems w i t h A = 0.5, 1.3 and 1.55 a t several temperatures and broad range o f d e n s i t i e s . I n Figs 5-6 we present a comparison o f our r e s u l t s f o r t h e r e s i d u a l Helmholtz energy and pressure f o r t h e system w i t h A = 1.3 a t t h e reduced temperatur e s T* = 1,1.5 and 2. I n t h e n e x t two f i g u r e s ( F i g s 7-8) a comparison i s given o f the r e s idual Helmholtz energy c a l c u l a t e d from t h e convex molecule-and m u l t i c e n t r e v a r i a n t s o f t h e p e r t u r b a t i o n t h e o r y f o r more extreme p r o l a t e and o b l a t e gaussian overlap models and i n One can thus conclude t h a t i ) t h e s i m u l a t i o n data on GOCE systems can be w e l l i n t e r p r e t e d by t h e m o d i f i e d convex-molecule p e r t u r b a t i o n theory and v i c e versa t h e e a s i l y o b t a i n a b l e simul a t i o n data on GOCE systems can s u b s t i t u t e t h e computer data on convex molecules o f t h e obl a t e shape i i ) t h e used averaging v i a the second v i r i a l c o e f f i c i e n t represents an easy and r e l i a b l e way o f o b t a i n i n g parameters o f t h e Kihara p a i r p o t e n t i a l .
HARD BODY EQUATIONS OF STATE AND THEIR MIXING RULES
I n m a j o r i t y o f p e r t u r b a t i o n t h e o r i e s t h e thermodynamic f u n c t i o n s o f reference systems a r e evaluated v i a t h e p r o p e r t i e s o f t h e r e p r e s e n t a t i v e hard bodies. Thus, t h e accurate equation BP/P = l / ( l -r i ) + r s / p ( l -r i ) + qs (9-2ri-2~1 ) / 2 7~( 1 -r i ) ( 2 7 ) 2 2 2 2 3 + ~1 ri ( 9 -2 r i -2~ )/3(1-n) Bp/p = l / ( I -r i ) + 3ari/ (l-ri) Another (27) t o fused hard-sphere models: i ) t h e B-N r u l e i s n o t a p p l i c a b l e f o r L* >> 1, i i ) w i t h i n c r e a s i n g t h e number o f s i t e s o f a l i n e a r molecule keeping t h e distance o f t h e outmost s i t e s , L, constant t h e FHSMs reduce consequentl y t o the p r o l a t e spherocylinder described by t h e r e l a t i o n s h i p ( v a l i d f o r d i f f e r e n t types o f convex bodies) (28) 2 2 3 + an [3a-(6a-5) n]/(l-n) BPIP = 1/(1-n) + 3 a n / ( l -n ) which f o r mixtures assumes t h e form BP/P = 1/(1-n) + r s / p ( l -n ) + [qs (1-2n) + 5rsn ] / 3 p ( l -n ) I n passing we note t h a t an analogy o f t h e B-N r u l e can be employed a l s o w i t h t h e equation o f s t a t e o f two-dimensional hard dumbells. We have proposed ( r e f . 21) (29) 2 2 2 3 2 where y = 0 /4aA B-N r u l e dogs no? y i g l d accurate enough'prediction o f the tko-dimensional dumbells; another p r e s c r i p t i o n i n which e n l a r g e r dumbell i s considered f o r the determination o f 0, and Ac works more s a t i s f a c t o r y . Several o f t h e hard body expressions combined w i t h an e m p i r i c a l a t t r a c t i v e term r e s u l t i n t h e "augmented van der Waals" (vdW) equations o f s t a t e . For t h e i r a p p l i c a t i o n s i n r o u t i n e chemical-engineering methods i t i s o f t e n necessary t o employ t h e one-componens equation o f s t a t e w i t h parameters obtained from the m i x i n g r u l e s . Q u i t e o f t e n vdW r u l e , d = ZZx.x.d?., i s considered. This, however, i s v a l i d o n l y a t low d e n s i t i e s . To improve t h e maccuraEy? I J t h e density-dependent m i x i n g r u l e i s introduced. Recently Meyer ( r e f . 22) proposed (0 i s a perimeter, A -area and n2 = pA ). I t appears, however, t h a t t h e 
I t i s obvious t h a t t h e proposed m i x i n g r u l e s y i e l d v e r y good p r e d i c t i o n f o r a l l t h e s t u d i e d systems.
CONCLUSION
I t has been shown how t h e p e r t u r b a t i o n t h e o r y o f convex m o l e c u l e f l u i d s can be s y s t e m a t i c a ll y improved w h i l e keeping i t s s i m p l e ( a n a l y t i c ) form. The t h e o r y agrees w e l l w i t h t h e Monte
C a r l o d a t a on t h e L-J and K i h a r a r o d -l i k e f l u i d s and t h e i r m i x t u r e s and enablesa good f i t o f t h e c o e x i s t e n c e c u r v e o f v a r i e t y o f compounds. T h e o r e t i c a l e x p r e s s i o n s can be e a s i l y modif i e d t o d e s c r i b e s i m i l a r models o f t h e i n t e r a c t i o n employing averaging-to-convex-body t e c hn i q u e .
We have p r e s e n t e d t h e e q u a t i o n s o f s t a t e o f h a r d body systems f o r t h e d i f f e r e n t t y p e s o f h a r d bodies and s i m p l e m i x i n g r u l e s f o r parameters d , a and B which a l l o w t h e use o f t h e one-component e q u a t i o n o f s t a t e t o d e s c r i b e t h e behaviouv o f m i h u r e s . I t has been shown t h a t t h e b e t t e r i n s i g h t i n t o t h e t h e o r y a v o i d s n e c e s s i t y o f i n t r o d u c i n g t h e density-dependent m i x i n g r u l e s .
